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??  ??鲃???????????????, ?? 10?????????????????
?????????????. ????, ??鲃???????????????. ????
? 34 ???鲃???????????? b ? ND4 ????, ????????????, ?
????鲃????????; ??????????????????????. ??鲃??
??????????, ????? 6 ???. ??, ??????????????????
???????鲃(Sinocyclocheilus jii)?????. ?????????, ??鲃??????
??, ? 11????(million years ago, Ma)??, ?????????. 
???   
??鲃? 
???? 
?????
  
 
???????????? , ???????
??????????????????, ????
????? [1,2]. ???????????????
?????????[1]. ??, ?????????
??(Astyanax mexicanus)???????????
??????????? [3~5]. ??????, ??
??????, ????(Sinocyclocheilus)????
??????, ?????????????, ??
???????????????????? , ?
??????????????????????
?(????????, ????????????
?????). ???????????, ????
????, ?????, ????????????
??????????????????? , ??
?????????????????????. ?
2004 ?, ??????????? 51 ?(53 ???
?)[6].  
????????????????????
????????? , ????????????
????? . ????????????????
??, ?????????????? [7~9], ???
???????. ???????[7]???????
?, ?????????; ????????? 28
???????????????????[8]. ??
??????????????????????
??????????? , ??????????
?. ????????????????????
?????????????? . ???????
????????????????? , ????
??????????????????????
?, ?????. Xiao ??[9]??????????
? b ? ND4 ????????????????, 
?????????[7,8]]?????: ??????
???????????, ????? 5 ????. 
Xiao ????????????????????
????? . ????????????????
?, ?????????????[10,11]; ?????
?????????????? 5 ???????
???????[9]. ??????????????, 
??????????????????????
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? ? 
????, ???????????????.  
????????????????????
???????. ?????????????: ?
?????????; ????????????
?????; ????????????????
?? . ???????????????????
????, ????????, ?????????
?[12,13]. ?????? 5????????????
b? ND4????, ?????: (?) ??????
???????????????; (?) ?????
?????(nonparametric rate smoothing, NPRS)??
????(penalized likelihood, PL)????? 3??
???????????????????.  
1  ????? 
(?) ???????????.  ????? 5
???????? 9???????????. ??
GenBank??????(Gymnocypris eckloni)? ND4
????, ????????? ND4 ??. ???
???????????? , ?????????
???? [14], ????????????????
???. ??????? 95%????, ?????
??????????????????? . ??
?????????????[15], ????????
?????????(Danio rerio)???????, ?
?????????????????? : ???
(Cyprinini)??? (Cyprinus carpio)??? (Carassius 
carassius), ?????(Gymnocypris przewalskii)??
???(Gymnocypris eckloni)??(Barbus barbus)??
???? (Barbodes laticeps)????? (Puntius 
ticto); ??? (Labeonini)????? (Labeo bate-
sii)[15].  
(?) PCR??? DNA??.  ???????/
?????[16]? 95%?????????????
?? DNA. ?? PCR????????? b? ND4
???????. ???? b ?? PCR ?????
Glu-F ? Thr-R[17]; ND4 ????????: ND4F 
(5′-AAC AAG ACC TCT GAT TTC GGC TCA-3′) ?
ND4R (5′-TAG CTT CCA CTT GGA TTT GCA CC-3′). 
PCR?????? 50 μL, ??? 100 ng???DNA, 
10???? 5 μL, ??(10 μmol/L)? 1 μL, dNTP (?
???? 2.5 μmol/L) 2 μL, Taq??? 2.0 U, ???
????????. PCR ?????: 94???? 3 
min; 94??? 30 s, 54??? 30 s (ND4??? 51?), 
72??? 1 min (ND4??? 90 s), ? 35???; 72?
??? 8 min. ????????DNA??????
?? . ????? 0.8%????????? , ?
OMEGA ???????(OMEGA Bio-Tek)???
???. ND4 ????????????? PCR ?
?, ??????? PCR ???????????
???(5′-GAT GAG TAG GCA ATT AGT GA-3′). ?
??????? b?????, ? pMD18-T (TaKaRa)
?????, ?Top 10?????, ???????
??. ?????????????, ???? M13
?????? . ???????????????
? b ? ND4 ?????? GenBank ??. ????
???? 1.  
(?) ??????.  ?? Clustal X[18]???
DNA ??????, ???????, ?????
???????. ?MEGA3.1[19]??DNA????
?????? ,  ?????????? .  ?? 
PAUP*4.0b10[20]???????????????
???????????(chi-square test, χ2). 
??????????? MrBayes 3.1.1[21]??, 
? MODELTEST 3.7[22] ????????????
???? , ?????????????????
???(hierarchical likelihood-ratio tests, hLRTs)??
????????????(Bayes information crite-
rion, BIC). ?????????????: (1) ??
??????????????; (2) ??????
????????; (3) ????????????
?[23], ????????????????? BIC. 
??????????????????????
??????????, ?? Brandley ??[13]??
?, ????? 8 ????????, ??????
??????????(? 2). ??????????
??? P ??, ???????????, ????
??????????????????????
????????. ?????? H0? H1????
??(Bayes factor) B01??H0?H1????????, 
????????????, ?????????
?[24]. ??? MrBayes?? sump????????
?. ??, ?????????????????? 
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? 1  ??????????????? 
GenBank??? b) ????? ??? a) ???? b ND4 
Sinocyclocheilus macrocephalus  AY854683 AY854684 
AY854740 
AY854741 
Sinocyclocheilus oxycephalus  AY854685 AY854742 
Sinocyclocheilus lunanensis  AY854686 AY854743 
Sinocyclocheilus maitianheensis  AY854710 AY854767 
Sinocyclocheilus anophthalmus  AY854715 AY854772 
Sinocyclocheilus malacopterus  AY854697, AY854699, AY854700 AY854754, AY854756, AY854757 
Sinocyclocheilus guishanensis  AY854722 AY854779 
Sinocyclocheilus yangzongensis  AY854725, AY854726 AY854782, AY854783 
Sinocyclocheilus qujingensis  AY854719 AY854776 
Sinocyclocheilus rhinocerous  AY854720 AY854777 
Sinocyclocheilus angustiporus  AY854702 AY854759 
Sinocyclocheilus hyalinus  AY854721 AY854778 
Sinocyclocheilus huaningensis  AY854718 AY854775 
Sinocyclocheilus lateristriatus  AY854703, AY854704 AY854706 AY854760, AY854761, AY854763 
Sinocyclocheilus tingi  AY854701 AY854758 
Sinocyclocheilus grahami  AY854694, AY854695, AY854696 AY854751, AY854752, AY854753 
Sinocyclocheilus microphthalmus  AY854687, AY854689 AY854744, AY854746 
Sinocyclocheilus lingyunensis  AY854691, AY854693 AY854748, AY854750 
Sinocyclocheilus anatirostris  AY854708 AY854765 
Sinocyclocheilus tianeensis  AY854717 AY854774 
Sinocyclocheilus furcodorsalis  AY854709 AY854766 
Sinocyclocheilus halfibindus  AY854723 AY854780 
Sinocyclocheilus altishoulderus  AY854724 AY854781 
Sinocyclocheilus jii  AY854727, AY854728 AY854784, AY854785 
Sinocyclocheilus macrolepis  AY854729 AY854786 
Sinocyclocheilus macrophthalmus  AY854733 AY854790 
Sinocyclocheilus jiuxuensis  AY854736 AY854793 
Sinocyclocheilus bicornutus  AY854730, AY854731 AY854787, AY854788 
Sinocyclocheilus cyphotergous  AY854711 AY854768 
Sinocyclocheilus multipunctatus  AY854712, AY854713 AY854769, AY854770 
Sinocyclocheilus longibarbatus  AY854714 AY854771 
Sinocyclocheilus xunlensis ???? EU366187, EU366190 EU366184, EU366185 
Sinocyclocheilus yimenensis ???? EU366191, EU366192 EU366179, EU366180 
Sinocyclocheilus purpureus ???? EU366189, EU366194 EU366177, EU366178 
Sinocyclocheilus maculates ???? EU366193 EU366183 
Sinocyclocheilus qiubeinsis ???? EU366188, EU366195 EU366181, EU366182 
???    
Cyprinus carpio  X61010 X61010 
Carassius carassius  NC_006291 NC_006291 
Barbus barbus  NC_008654 NC_008654 
Puntius ticto  NC_008658 NC_008658 
Labeo batesii  AB238967 AB238967 
Gymnocypris przewalskii  AB239595 AB239595 
Gymnocypris eckloni  AY463522 EU366186 
Barbodes laticeps  AY854738 AY854795 
Danio rerio  AC024175 AC024175 
a) ??????????????, ?????[9]; b) ??????? GenBank ???????? 
 
????????? .  ???? ,  ?? 2lnBayes  
factor?10, ??????????????? [25].  
?????? Temp = 0.2 (MrBayes????)?, ? 
?????????????????; ???? 
??? Temp???? 0.04, ?????????? 
??? 10%~70% (MrBayes ????)??, ??? 
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? ? 
??????????? . ?????????? 
????????, 4??(3??? 1???)??? 
? 5?106?, ? 1000 ?????????, ??? 
???????????. ??????????,  
???????????????? unlink ??? 
????; ???????“prset ratepr = variable”? 
??????????????. ??????? 
???????????????? , ????? 
AWTY[26]? cumulative ???????????? 
?????????????????? . ??? 
????????????????????? .  
?????????????, ???? AWTY[26] 
? compare ????????????????? 
??. ??????????????, ????? 
?“burn-in”??????????. 
?2  ??????????? 
???? ???? 
P1 ???? 
P2A ??????????????; ???????
???? 
P2B ???? b; ND4 
P3 ??????????????? 
P4A ???? b ??????, ND4 ????????
?? 
P4B ???? b ??????????; ND4 ????
?? 
P4C ???? b ??????????; ???? b ?
??????; ND4 ??????????; ND4
??????? 
P6 ????? b? ND4????????????
 
(?) ?????????????.  ???? 
????, ????? PAUP*4.0b10[20]?????? 
?, ????????????????? b?ND4 
???? . ????????????????? 
?ML??????????ML???????? 
??; ?????????, ??????????.  
???? BEAST v1.4.5[27]??????????? 
???? ,  ?????????????? 
(uncorrelated relaxed lognormal clock)??, ???? 
3?106 ?, ? 1000 ?????, ???????? 
? GTR + I + Γ. ? Tracer v1.3[28]?? BEAST??? 
????, burn-in?? 1.5?106.  
???? , ??????????????? 
?????? , ??????????????? 
?. ??????????????: C1????? 
?????????????? 0.15 Ma[29], ??? 
?; C2 ??????????????????[15]  
15.96 Ma, ????????(Tor)????????,  
???????? . ????????????? 
??????????????????? . ?? 
?????????[30]??????[31]????? 
???, ??????? r8s ???[32]. ???? 
Multidivtime[33,34](?? http://statgen.ncsu.edu/thorne/ 
??)?????????????. ?????? 
??????: r8s ?????????, Multidiv- 
time ???????????????????? 
??????????. ? NPRS ? PL ?, ??? 
? Powell? TN???????, PL??????? 
????????(cross-validation)??. ???? 
???????, ??????????????,  
????????????. ????????? 
????????????????? . ???? 
??????????. ?? Rutschmann[34], Yang 
? Yoder[35]???, ?? 3?: (1) ? PAML v3.14[36] 
????? Baseml???? F84 + Γ ?????? 
??: ???????/????κ, Γ ??????? 
α; (2) ?Multidivtime????? Estbranches??? 
?????????????? -????? ,  ? 
Baseml??????? Estbranches???; (3) ?? 
??????????????????? , Est- 
branches ??????? Multidivtime ???, ?? 
??????????(Markov chain Monte Carlo  
process, MCMC)??? 2?106?, ? 100?????,  
burn-in??? 2?105?. ???MCMC????? 
?, MCMC???????????, ?????? 
???????(standard deviations, SD)? 95%?? 
??(credibility intervals, CI). ??? MCMC ??,  
???? root age, root rate? rate autocorrelation?? 
??????????????: ? 18 Ma (SD =  
1.8 Ma)?? tree root? tip????????(??? 
?????[15]); ??????? 0.007 ????? 
(SD = 0.0007)?? tree root???????; ??? 
????????(ν)??? 0.08 (SD = 0.08). ?? 
?? Thorne ? Kishino[33]?????? ν ??, ? ν 
? root age??? 1? 2??.  
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2  ?? 
2.1  ???? b? ND4??????? 
????? 9 ???????? b ?????, 
??? 8????. ????GenBank??????
? b ?????????? 1140 ???, ?? 537
?????, ?? 434 ??????????, ??
??? 47.1% ? 38.1%. A, T, C, G???????
? 29.5%, 27.9%, 27.9%, 14.7%, ?? G??. ???
???????? 1? 2??????, ?? 3??
?????: ? 1??, χ2=34.036, df = 180, P=1.000; 
? 2??, χ2 = 3.756, df = 180, P = 1.000; ? 3??, 
χ2 = 316.585, df = 180, P < 0.001. ????????
????: χ2 = 130.112, df = 180, P = 0.998.  
??????? 9???????? 1????
ND4 ?????(1381 bp), ?? 10 ????, ? T
??????????. ???? ND4 ?????
???? 1032 ???, ?? 484 ?????, ??
397 ?????????? , ????? 46.9%?
38.5%. A, T, C, G???????? 31.0%, 27.3%, 
27.1%, 14.6%, ?? G??. ??????????
3???????????: ? 1??, χ2 = 25.028, df 
= 180, P = 1.000; ? 2??, χ2 = 3.979, df = 180, P = 
1.000; ? 3??, χ2 = 167.505, df = 180, P = 0.739. ?
??? b ? ND4 ???????????????
?????????????.  
2.2  ??????????鲃?????? 
??????? 2172 ???. ???????
???? 3. ??MrBayes??? TrN? TrNef??, 
????????? GTR?????.  
????????????????? 2×105
???????; ?? AWTY[26]? cumulative ??
?????????????????? MCMC ?
2.5×106 ??????(???). ????????
?????????? , ???????????
?. ??????????? 2500 ??, ????
5002???????.  
????????????????????
????? 4. ???????, ?????? 3 ?
??????????(P3)????. ??????
??????????????????????
??, ????? P3???????(? 1)???? 
? 3  ??????????????????? 
?? ???? ????????
ND4 TrN + I + G 1032 
ND4? 1?? TrNef + G 344 
ND4? 2?? HKY + I + G 344 
ND4? 3?? TrN + I + G 344 
ND4? 1?? 2?? HKY + I + G 688 
cyt b  TrN + I + G 1140 
cyt b? 1?? K80 + G 380 
cyt b? 2?? HKY + I 380 
cyt b? 3?? GTR + I + G 380 
cyt b? 1?? 2?? HKY + I + G 760 
???? TrN + I + G 2172 
????? 1?? K80 + I + G 724 
????? 2?? HKY + I + G 724 
????? 3?? GTR + I + G 724 
????? 1?? 2?? HKY + I + G 1448 
 
?????????? . ???????????
????, ?????? PP = 0.96; ???????
6 ???. ?????(S. jii)??????????
??; ???????????????????
(PP = 1.00), ? S. jii????. ? S. jii??????
??????? 5???: ?? A, C, D? E???
?????, ?????? PP = 1.00; ?? B???
????, ? 0.74. ?? D? E?????????
????, ?????? A, B, C? D????(PP = 
1.00). ?? A??????????. 
2.3  ?????? 
????????? , ???? b (χ2 = 
152.33558, df = 59, P<<0.001)? ND4(χ2 = 102.00113, 
df = 59, P < 0.001)?????????????. ?
? Tracer v1.3?????? ucld?????? 0.519, 
??????? 0.512, ??? 1, ????????
????????. PL??, ??????????
?????? 0.0001. ??????? P3 ????
?????????????. ? Multidivtime ??
?????? 2, ? 5????????????, 3
???????????? . ?????????
? 11 Ma??(95% CI? 13.23~8.00 Ma), ?? 2~5
?????? , ???????????????
???. ???? C ?????????????
?, ??????????????. 
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? ? 
 
? 1  ?????????(P3)??? 50%??? 
????????????(?? 50%????) 
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? 4  ??????????????????? 
???? P1 P2A P2B P3 P4A P4B P4C P6 
−lnL 20445.47 19555.93 20437.85 19458.26 20024.37 19898.88 19542.06 19477.12 
P1 −        
P2A 1761.96 −       
P2B −12.62 −1774.58 −      
P3 1966.94 204.98 1979.56 −     
P4A 822.28 −939.68 834.9 −1144.66 −    
P4B 1080.22 −681.74 1092.84 −886.72 257.94 −   
P4C 1788.18 26.22 1800.8 −178.76 965.9 707.96 −  
P6 1891.90 129.94 1904.52 −75.04 1069.62 811.68 103.72 − 
a) ??????????? 
 
3  ?? 
3.1  ?????????????????? 
?? 4????, ?????????????
???????. ??????????, ????
???????; ???????????, ???
? Brandley ??[13]?Guo ? Wang[37]???. ??, 
Xiao ??[9]?????????????? P2B, ?
???P1; P4A, P4B, P4C? P6??????? P3?, ?
P3????????. ?????, ????? b ?
???????(P4B)?? ND4 ???????(P4A)
???????????? , ?????????
? 125.49 ???????. ??????????
???? P2A, P3, P4C? P6, ??????????
P2B, P4A? P4B????????????, ????
??????????????????????
???????. ???????, P3??????
?????????????. ? 2lnBayes factor?
10????, ??????????????, ??
???????? , ?????????????
??, ?????????. ??, P2B??????
???? 0.85, 0.96, 0.51? 0.51??? P3????
????? 0.91, 0.94, 0.81 ? 0.64 ?? . ??
Brandley ??[13]?Guo ? Wang[37]?????, ??
?????? 2lnBayes factor?10????????
??????????. 
3.2  ??鲃?????? 
????????????????????
??????[7,8], ?? Xiao ??[9]???????: 
??????????, ??? 5 ????, ???
?????[8]??????????????; ??
??????????????????????
?[7], ????????????????????. 
????????????????? , ????
??????????????? . ??????
? D? E??? Xiao??[9]??????????; 
?? C? S. xunlensis? Xiao??[9]???????
?; ??????? 4????Xiao??[9]????
?????? A. ?? B ????? Xiao ????
??????? : Xiao ???????? S. mul-
tipunctatus ? S. cyphotergous, ?????, ?? B
???????? S. macrolepis. ???? B???
????; ????? MP?? ML??, ?? B?
?????? 50% (?????), ???? B???
?. Xiao?????? S. macrolepis???, ???
??????????????.  
Xiao ????????????????? 6
??????????. ? MP ??, ??????
(((((A,C),B),D),E),F), ???? AU, KH ? SH ??, 
MP ??????(((((A,B),C),D),E),F)??????
?(?????). ??, ???? A, B? C????
?????. ????, Xiao ??[9]? 5 ?????
??????????. ??, ???? Xiao ??
??????????????????????
?????????[9].  
S. lunanensis ? S. halfibindus ???????
????[7,9,14]. ????, S. halfibindus ? S. mi-
crophthalmus???????????? b?? p??
??? 0.526%? 0.702%, ND4 ??? p ?????
0.388%? 0.484%; S. lunanensis? S. oxycephalus???
? b ? ND4 ?? p ????? 0.175%? 0.097%. ?
???????????, ????????, ???
??? S. halfibindus? S. microphthalmus?????; 
S. lunanensis? S. oxycephalus?????[7,14]. 
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? ? 
 
? 2  ? Multidivtime?????? 
??????, C1? C2????? 
 
3.3  ??鲃????????? 
? Xiao ?????????, ??????? 
??????????????????????
????. ??, ?? D? E?????????? 
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? 5  3??????????????? 
r8s Multidivtime ?? 
NPRS PL 
 ??(SD) 95% CI 
1 11.51 11.41  10.61(1.35) (8.00, 13.23)
2 9.36 9.16  8.99(1.34) (6.42, 11.64)
3 8.79 8.58  8.73(1.33) (6.19, 11.37)
4 8.09 7.87  8.20(1.32) (5.68, 10.80)
5 7.68 7.45  7.88(1.32) (5.37, 10.51)
6 5.63 5.27  5.71(1.20) (3.50, 8.12)
7 7.12 6.90  7.38(1.31) (4.89, 10.01)
8 2.97 2.85  3.49(1.08) (1.69, 5.88)
9 6.29 6.10  6.80(1.36) (4.26, 9.54)
10 6.44 5.89  6.54(1.30) (4.15, 9.22)
 
???? 6.80 ? 6.54 Ma, 95%???????
4.26~9.54, 4.15~9.22 Ma; ? Xiao ????????
??????? 95% HPD (highest posterior density)?
?? 2.254~8.177? 1.94~6.299 Ma. ???????
??????????[38]???????, ????
???????????????????????
?, ????????????????????. 
???????????????????????
??????????????????.  
???????????(most recent common 
ancestor, MRCA)??? 11 Ma??, ??? 9~8 Ma
??? 4??????????(? 2, ?? 2, 3, 4?
5). ?????????????????????
?????, ?????????????, ??? 
?, ???????????????????. ?
???????????: ????? 20 Ma???
??????????????, ?? 10~8 Ma??
???????????????? [39]; ????
????????? 8 Ma???????????, 
??????(extensional faulting)???, ? 3.6 Ma
????????????[40]. ???????, ?
?????? 9~8 Ma, ????????????
????[41]. ??, ??????????.  
???? , ???????????????
??????????????. ????, ???
??????????????????????
????????????. ????????(?
? 24 Ma ??), ???????????????
????????????? ??? 500 μL/L??, 
?????????????? [42]; ??????
????????????. ????, ? 14 Ma?
9 Ma, ??????????????????, ?
???????????? [42,43], ??? 210 
μL/L[42]. ? 10 ????????????????
?????????????? . ???????
?????, ?????????, ???????
???, ???????????????. ?? , 
??????????????????????
?, ????????????. 
??    ?????????????????????; ?????????; ???? Brandley ????????
?????????; ?????????????????, ????????. 
???? 
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